Human placental syncytiotrophoblasts lack expression of most types of human leukocyte antigen (HLA) class I and class II molecules; this is thought to contribute to a successful pregnancy. However, the HLA class Ib antigens HLA-G, -E, and -F and the HLA class Ia antigen HLA-C are selectively expressed on extravillous trophoblast cells, and they are thought to play a major role in controlling feto-maternal tolerance. We have hypothesized that selective expression, coupled with the preferential physical association of pairs of HLA molecules, contribute to the function of HLA at the feto-maternal interface and the maternal recognition of the fetus. We have developed a unique analytical model that allows detection and quantification of the heterotypic physical associations of HLA class I molecules expressed on the membrane of human trophoblast choriocarcinoma cells, ACH-3P and JEG-3. Automated image analysis was used to estimate the degree of overlap of HLA molecules labeled with different fluorochromes. This approach yields an accurate measurement of the degree of colocalization. In both JEG-3 and ACH-3P cells, HLA-C, -E, and -G were detected on the cell membrane, while the expression of HLA-F was restricted to the cytoplasm. Progesterone treatment alone induced a significant increase in the expression level of the HLA-G/HLA-E association, suggesting that this heterotypic association is modulated by this hormone. Our data shows that the cell-surface HLA class I molecules HLA-G, -E, and -C colocalize with each other and have the potential to form preferential heterotypic associations.
INTRODUCTION
In mammals, the proteins encoded by the major histocompatibility complex (MHC) play a key role in adaptive immunity and reproduction. In human pregnancy, at the feto-maternal interface, the pattern of MHC protein expression on placental trophoblast cells differs from that on other somatic cell types. Syncytiotrophoblasts, the cells that cover the chorionic villi, which are in direct contact with maternal blood, lack expression of most types of human leukocyte antigen (HLA) class I and class II molecules. This minimizes antigen presentation events as well as a local inflammatory reaction, which otherwise would compromise pregnancy. In contrast, the extravillous trophoblast (EVT) population, which penetrates into the decidualized uterus, expresses the polymorphic classical class Ia molecule HLA-C, mainly during the first trimester of pregnancy [1] , and also the nonclassical class Ib HLA-G [2] [3] [4] , HLA-E [5] , and HLA-F [6] . The complete absence of HLA class II molecules and the class Ia molecules HLA-A and -B in trophoblast cells, and the expression of HLA-C during the first trimester, coupled with high levels of HLA-G, -E, and -F throughout gestation, are probably the result of strong directional selection in favor of fetal tolerance by the maternal immune system [6, 7] .
The HLA-C molecule is found intracellularly and on the surface of normal human first-trimester EVT. Cell surface levels of HLA-C are 10-fold lower than those of HLA-A and -B. In contrast to HLA-A and -B, the peptide-binding groove of HLA-C is less polymorphic, and its b-2 microglobulin (b-2m)-free heavy chains are better stabilized on the cell surface [1] . HLA-C, together with the HLA class Ib molecules HLA-G, -E, and -F, might play a functional role in natural killer (NK) cell recognition and in achieving optimal allograft protection during pregnancy. Total loss of HLA-A and -B at the cell surface increases susceptibility to NK cell-mediated lysis [8] .
In human pregnancy, the expression of HLA-G is restricted to fetal trophoblast tissue [3] . In contrast, HLA-E is expressed on most cells that also express other HLA class I molecules, including trophoblasts [6] . HLA-G primary transcript is alternatively spliced to produce seven mRNAs that encode four membrane-bound (HLA-G1, -G2, -G3, and -G4) and three soluble (HLA-G5, -G6, and -G7) protein isoforms [9] [10] [11] [12] . Membrane-bound HLA-G has been associated with the inhibition of uterine NK (uNK) and T-cell cytolysis [13] . HLA-E depends on its interaction with a restricted set of nonamer peptides derived from the leader sequence of other HLA class I molecules [14] , suggesting that for cell surface expression, an association of HLA-E with other Class I molecules is required.
HLA-F was initially reported to be retained intracellularly [15, 16] . However, cell surface expression has been shown on some B lymphocyte and monocytic cell lines where, unlike other class I molecules, cell surface expression is partially independent of tapasin and completely independent of TAP transporters [17] . HLA-F surface expression has also been demonstrated on EVT in normal term placenta [6] .
We have employed a high-precision single-cell bioimaging protocol and quantified the formation of HLA heterotypic molecules. Detecting and quantifying the associations of proteins using microscopy is limited by the fact that visible light is diffracted. This phenomenon limits the resolving power of a fluorescence microscope to 200-350 nm. A single, fluorescently tagged protein will appear as a diffraction-limited spot, blurred and around 10 times larger than its actual size. The center, from which all light of the blurred spot emanates, can be calculated with a precision far higher than the diffraction limit [18] . This technique permits the estimation of the molecular position of the tagged protein with certain accuracy [19] [20] [21] [22] [23] . The technique enables the localization of single fluorophores with a precision ranging from 40 nm to the subnanometer scale [24] [25] [26] , and it is fundamental to recent superresolution microscopy techniques such as STORM and PALM (for review, see, e.g., [27] ). If two different kinds of molecules are labeled with different colors, their closeness can be assessed with similar precision. We have previously developed an approach for studying such subdiffraction-limited colocalization [28] . Here, we apply our most recent method [29] . It allows for the determination of the proximity of two different cell surface receptors, based on histograms derived from their localization measurements. We hypothesize that the selective expression of HLA class I antigens, coupled with the preferential physical association of pairs of HLA molecules, contributes to immunotolerance and the function of HLA at the feto-maternal interface.
MATERIALS AND METHODS

Cell Lines and Cell Culture
The JEG-3 and the novel ACH-3P trophoblast hybrid cell lines were used. The ACH-3P cell line was kindly provided by Dr. G. Desoye (Department of Obstetrics and Gynecology, Medical University of Graz, Graz, Austria). This cell line was established by fusion of primary human first-trimester trophoblasts with a human choriocarcinoma cell line (AC1-1) [30] and culture in Ham F-12 with stable glutamine medium, supplemented with 10% (v/v) fetal bovine serum (FBS). The JEG-3 cell line (kindly provided by Professor I.L. Sargent, Nuffield Department of Obstetrics and Gynecology, University of Oxford, Oxford, U.K.) was maintained in Dulbecco modified Eagle medium/Ham F-12 containing 10% (v/v) FBS. All media and sera were purchased from PAA Laboratories GmbH (Pasching, Austria). Both cell lines were cultured in a humidified atmosphere of 5% CO 2 at 378C.
Anti-HLA-Class I Monoclonal Antibodies
The following HLA class I-specific primary monoclonal antibodies were used. Anti-HLA-G-specific MEM-G/09 reacts exclusively with native HLA-G1 molecules and was previously defined for flow cytometry and immunohistochemistry (IHC) staining. The MEM-G/01 clone that recognizes the denatured HLA-G heavy chain of all isoforms is used for Western blotting. Anti-HLA-Especific MEM-E/02 reacts specifically with denatured HLA-E molecules and is employed for Western blotting, whereas MEM-E/07 recognizes native surface HLA-E molecules and is used for fluorescence-activated cell sorting (FACS) analysis and IHC staining. Specificity of HLA-G and -E antibodies was previously thoroughly validated by flow cytometry at the Third International Conference on HLA-G (Paris, July 2003) [31] and by separate validation studies [32, 33] . The HLA-C-specific antibody L31 is known to bind to an epitope present on all HLA-C alleles (CW1 through CW8) and cross-reacts with HLA-B alleles (HLA-B7, -B8,-B35, -B51, and others) [34] . Anti-HLA-F (3D11) recognizes native and denatured forms of HLA-F and does not crossreact with any other HLA type [6] . MEM-G/09 (IgG1; EXBIO Praha, Vestec, Czech Republic) is here used for FACS analysis and confocal microscopy. MEM-G/01 (IgG1; EXBIO Praha) was used for Western blotting. MEM-E/07 (IgG1; EXBIO Praha), used for FACS and confocal microscopy, is known to cross-react with the classical MHC class I molecules HLA-B7, -B8, -B27, and -B44, whereas MEM-E/02 (IgG1; EXBIO Praha) is used for Western blotting and does not cross-react with HLA-A, -B, -C, or -G [35] . L31 (IgG1; Media Pharma, Chieti, Italy) was employed for FACS and confocal microscopy, while anti-HLA-C clone D-9 (BioLegend, San Diego, CA) was used for Western blotting. The HLA-F-specific clone 3D11 (IgG1; kindly provided by Dr. Daniel Geraghty, Seattle, WA) was used for FACS, confocal microscopy, and Western blotting.
Flow Cytometry Analysis
Cell cultures were washed twice with PBS and incubated with Accutase (PAA Laboratories GmbH) for 7-10 min at 378C. Cell suspensions (1 3 10 6 cells per sample) were centrifuged at 300 3 g for 10 min. Supernatants were discarded, and the cell pellets were resuspended in blocking buffer (PBS supplemented with 0.1% [w/v] bovine serum albumin [BSA] ). The cells were incubated at 48C for 1 h with saturating concentrations of the following primary human specific monoclonal antibodies: anti-HLA-G clone MEM-G/09, anti-HLA-E clone MEM-E/07, anti-HLA-C clone L31, and anti-HLA-F clone 3D11. The cells were washed twice with PBS, and bound primary monoclonal antibody was detected with fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse IgG (Santa Cruz Biotechnologies Inc., Santa Cruz, CA). A minimum of 10 000 events were acquired for each sample using a BD FACS Calibur equipped with BD CellQuest software (Becton Dickinson, San Diego, CA). The results were analyzed using FlowJo version 8.8.6 (Tree Star Inc., Ashland, OR).
Cell Surface Antigen Quantification
Cell surface antigen quantification was performed using Qifikit beads (Dako A/S, Glostrup, Denmark) as described previously [36] . Briefly, cell samples were prepared as for the flow cytometry analysis up to the step of primary antibody binding. For detection of antibody staining, the cell samples, setup beads, and calibration beads were stained with FITC-conjugated secondary antibody provided with the kit. The system was calibrated for the cell isotype and setup beads. Using the same settings, data for cell samples and calibration beads were acquired. A calibration curve was constructed for mean fluorescence intensity and each population of beads. The antigen-binding capacity of cells was calculated by interpolation on the calibration curve. Surface antigens were quantified by determining the ratio of antibody bound to cells relative to the calibration beads. Antibody titrations were performed for all the antibodies on both cell lines under study to ensure that all the surface molecules were detected.
Western Blotting and Immunodetection
Cells were lysed with CelLytic MT reagent (Sigma-Aldrich, St. Louis, MO), and total protein concentration was determined by the Bio-Rad Protein Assay (Bio-Rad, Hercules, CA) following the manufacturer's instructions. The total cell lysate was separated on a 12% (w/v) SDS-PAGE gel. A total of 40 lg of protein was loaded per well, and after electrophoresis, protein was transferred to a polyvinylidene fluoride membrane (Immobilon-FL; Merck Millipore, Merck KGaA, Darmstadt, Germany). Membranes were blocked with 5% (w/v) skimmed milk in PBS. The following monoclonal antibodies were used to detect HLA class I proteins: anti-HLA-C (clone D-9), anti-HLA-F (clone 3D11), anti-HLA-E (clone MEM-E/02), and anti-HLA-G (clone MEM-G/01). An alpha subunit-specific tubulin mouse monoclonal antibody was used to probe the cell extracts and loaded as a control (Biolegend). The IRDye 800CW Donkey Anti-Mouse IgG (Li-Cor Biosciences, Lincoln, NE) was used as the secondary antibody at a dilution of 1:10 000 in PBS with 5% (w/v) milk and 0.025% (v/v) Tween-20 (Sigma-Aldrich). Signals were detected using the ODYSSEY infrared imaging system (Li-Cor Bioscience). To estimate the molecular weight of the proteins under study, the Fermentas PulerageR Plus Prestained Protein Ladder (Thermo Fisher Scientific, Waltham, MA) was used. 
Immunofluorescence Staining for Bioimaging Analysis
Confocal Microscopy
For image acquisition, a Nikon A1si laser scanning confocal microscope was used with a plan-apochromatic, violet-corrected, 603 magnifying, 1.4-numerical aperture (N.A.) oil-immersion objective and NIS Elements software version 3.21.03 (Nikon, Tokyo, Japan). Three-dimensional (3D) single-cell images were acquired in four channels for DAPI (excitation at 405 nm with laser power 3.2 arbitrary units [AU] , emission collection at 450/50 nm, and photomultiplier tube [PMT] gain 118 AU), Alexa Fluor 488 (excitation 488 nm with laser power 7.8 AU, emission collection at 525/50 nm, and PMT gain 140 AU; called green channel), Alexa Fluor 555 (excitation 561 nm with laser power 2.1 AU, emission collection at 595/50 nm, and PMT gain 117 AU; called red channel), and differential interference contrast (DIC; transmitted light detector gain 103 AU) using one-way sequential line scans (Fig. 1A) . All the images were acquired with the same settings for the microscope where scan speed was 1/4 frames (galvano scanner), and no offset was used. The pinhole size was 34.5 lm, approximating 1.2 times the Airy disk size of the 1.4 N.A. objective at 525 nm. Scanner zoom was centered on the optical axis and set to a lateral magnification of 55 nm/pixel and a Nyquist factor of 2.54 (for Alexa Fluor 488) and 2.79 (for Alexa Fluor 555). Axial step size was 140 nm, with 40-60 image planes per z-stack.
Image Preprocessing
Acquired 3D images were processed for alignment and deconvolution before analysis. In some data sets, stage drift was observed. Image stacks were, thus, aligned using the translational mode of the StackReg algorithm [37] in ImageJ [38] . Deconvolution of images was performed using Autoquant X software version 2.2.1 (Media Cybernetics, Inc., Bethesda, MD; Fig. 1A ). Binary cell masks were made to remove the extracellular area and to limit the colocalization analysis to a single cell. DIC and fluorescent images were used to create masks by tracing a cell's outline (Fig. 1B) .
Chromatic Aberration Correction
Chromatic aberration is caused by inability of a lens to focus different wavelengths of light at one focal point, resulting in a blurred image with colored fringes around it. This can be avoided by using an apochromatic objective lens, but other sources like refractive index mismatch, a cover slip not parallel to the microscope slide, and slight optical path misalignment can also add chromatic aberration. To correct this error, we used polystyrene microspheres 1.0 lm in diameter (FluoSpheres F-13082; Invitrogen) as previously described [29] . The beads have excitation and emission spectra similar to the dual-color setup used in this study and should show 100% colocalization. These were diluted to a concentration of 1:1000, sonicated, air dried on a cover slip, and mounted in Vectashield mounting medium and sealed on a slide. Microspheres were imaged using the same acquisition parameters as for labeled cells, and the Image stacks were deconvolved. The bead centroids were calculated, and the distance between one bead's centroid in the green and in the red channel was calculated as shown by vector fields. Thus, 873 beads were analyzed in three dimensions, and average values of the measured distances were applied for translational shifting to correct the chromatic aberration. The same shift was applied to all the cellular data to measure the colocalization of the HLA receptors. 
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Colocalization Analysis
Colocalization was quantified using a distance-based image-processing approach introduced by Obara et al. [29] and Drelie Gelasca et al. [39] . Briefly, the colocalization algorithm uses MATLAB software (version R2010b with Image Processing Toolbox; MathWorks Inc., Natick, Massachusetts) and identifies punctate 3D blob-like features corresponding to fluorescent particles. The number and position of 3D blob-like receptors is, thus, determined in each red and green channel in three dimensions. To measure the colocalization of 3D blob-like particles in the dual-color fluorescence image with accuracy, their centroid positions were determined at subpixel resolution using weighted centroids. A matching procedure was performed for each receptor in the green channel to find its closest receptor in the red channel by correctly matching between the two vectors of intersecting positions, using the expected average (Fig.  1C) . Intermolecular distances between colocalized receptor centroids are shown as color-coded 3D distance maps, with a histogram showing the distribution of colocalization distances (Fig. 1D) . A minimum of six cells in three separate slides, with or without PG treatment, were analyzed (n ¼ 18).
Statistical Analyses
Confocal 3D micrographs were analyzed by using a colocalization algorithm as described previously (Fig. 1, A-C) . The total number of green and red HLA receptors was detected per single cell. The number of each HLA receptor (HLA-C, -E, and -G) present on ACH-3P and JEG-3 cells with or without PG treatment was estimated, analyzing each cell separately. Pearson correlation analysis and Student t-test, calculated with SigmaPlot v12.3 (Systat Software Inc., Bangalore, India), were employed to investigate statistically the relationships between the two HLA receptors and PG treatment in both ACH-3P and JEG-3 cells. Only those values with a P , 0.05 were considered significant.
RESULTS
Phenotyping of HLA Class I Molecules on Trophoblast Cell Lines
ACH-3P and JEG-3 cells showed expression of HLA-C, -E, and -G on the cell membrane. Expression of HLA-F was not detected at the cell surface of either JEG-3 or ACH-3P cells (Fig. 2A) . The ACH-3P cells showed two peaks for HLA-G ( Fig. 2A) , representing two populations of cells, where extravillous cells are identified by the HLA-G-positive population and villous trophoblast cells by the HLA-Gnegative population, as shown in Figure 2A .
Immunoblot Analysis of HLA Class I Proteins
HLA-G, -E, -C, and -F were detected in both cell lines (Fig.  2B) . Comparatively, JEG-3 cells expressed more HLA proteins than ACH-3P cells. The results also indicated that the amount of protein expressed inside the cells reflects the amount of protein on the cell surface. In contrast, HLA-F was present in the cytoplasm but did not appear on the trophoblast cell surface. Results from alpha-tubulin show that equal amounts of total proteins were loaded from each cell line.
Surface Antigen Quantification
For quantification purposes, the value of isotype control antigen-binding capacity (ABC) was subtracted from the ABC of each antigen under study, giving specific antigen-binding capacity (SABC). SABC determines the number of primary mouse monoclonal antibodies per cell after corrections for background antibody equivalent.
Quantification analysis revealed that JEG-3 cells expressed significantly higher amounts of HLA-G molecules on the surface as compared to ACH-3P cells (P , 0.005), whereas there was no significant difference in the amount of HLA-E and -C molecules on the surface of both cell lines. The relative abundance of proteins on the surface of ACH-3P and JEG-3 cells is shown in Table 1 .
Confocal Microscopy
Immunofluorescence-stained cells were imaged at singlecell level, and surface receptors were visualized separately at different wavelengths, appearing as green and red spots in the image (Fig. 3) . The HLA class I-specific antibodies used in this study are highly specific and well characterized in the literature. The possibility of interaction of MEM-E/07 and L31 monoclonal antibodies with isoforms of HLA-B can be dismissed, since the primary trophoblast and human choriocarcinoma cell lines do not express HLA-B [40] . The negative control samples were stained with mouse IgG isotype and secondary antibodies and imaged using the image acquisition protocol described above, whereby no signals above background fluorescence are observed. This minimizes falsepositive signals.
Confocal microscopic images of all HLA receptors tagged with antibodies appeared as masses of spherical, blurred spots over the cell surface. In each HLA pair under study, surface receptors were imaged separately at different wavelengths, resulting as green or red spots of uniform size laterally (xy), whereas in the axial (z) direction receptors appear as cigar shaped. In the HLA-G and -E study group, HLA-G molecules are seen as green spots and HLA-E molecules as red spots, while yellow/orange spots represent coexpressed HLA-G and -E molecules (Fig. 3, left panel) . In the HLA-G and -C pair, green denotes HLA-G and red denotes HLA-C, whereas yellow/orange signifies closely associated HLA-G and -C receptors (Fig. 3, middle panel) . In the case of the HLA-C/ HLA-E pair, green represents HLA-E, red indicates HLA-C, and yellow/orange indicates coexpressed HLA-E and -C (Fig.  3, right panel) . The single-cell images showed uniform distribution of all HLA receptors on the trophoblast cell membrane.
Colocalization Analysis
This colocalization study quantitatively characterizes the total number of HLA-C, -E, and -G receptors per cell and the number of colocalized HLA-G/HLA-E, HLA-G/HLA-C, and HLA-C/HLA-E receptor pairs per cell. Red and green receptors colocalized on the surface of individual cells using a threshold of 165 nm. Histograms peaked at 58 nm Euclidean colocalization distance (Fig. 1D ). Data were also compared between PGtreated and untreated groups (Fig. 4, A and B, and Table 2 ).
The average relative ratio of HLA-G/HLA-E colocalization in untreated ACH-3P cells was 23% 6 3%, whereas PG treatment led to an increase of 30% 6 7%. JEG-3 cells showed a similar response to PG, with an increase from 20% 6 4% in untreated cells to 30% 6 8% in PG-treated cells. The data from HLA-G/HLA-C colocalization analysis showed very similar values between untreated and PG-treated ACH-3P cells (average value of 24% in both cases). In JEG-3 cells, PG treatment induced a slight decrease from 20% 6 7% to 18 % 6 4% in the average ratio of colocalized HLA-G/HLA-C molecules. In the ACH-3P cell line, the average ratio for HLA-JABEEN ET AL. E/HLA-C colocalization was 11% in both the PG-treated and untreated groups. In the JEG-3 cell line, the estimated ratio for colocalization was 22% in both treated and untreated subsets. Statistical analysis of colocalized HLA-G and -E molecules showed significant differences in untreated and PG-treated JEG-3 and ACH-3P cells. PG treatment did not significantly affect the colocalization ratios of the HLA-G/HLA-C and HLA-E/HLA-C pairs in either cell line.
Correlation Analysis for HLA Pairs
Strong linear correlation was observed between HLA receptor pairs irrespective of PG treatment, showing that an increase or decrease in the number of one HLA receptor has a similar effect on its partner, suggesting interdependence of cell surface-expressed HLA class I molecules (Fig. 5) . All data were statistically significant (P , 0.05).
DISCUSSION
The human MHC class I genes HLA-G, -E, -F, and -C encode integral membrane glycoproteins that exhibit lateral mobility and, thus, have the potential to form physical interactions, including heterotypic associations. Unlike the classical HLA class Ia, HLA-A, -B, -C, the HLA class Ib are defined as nonclassical, and they are thought to play a role in regulation of immune and reproductive functions [41] [42] [43] [44] [45] [46] [47] . Previous studies on the physical association of HLA class I molecules have been hampered by the lack of reproducible and sensitive colocalization methods to detect and quantify antigen 
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interaction. However, improved techniques for the detection of neighboring pairs of molecules have been developed. These developments have significantly enhanced the capacity to interpret data using either intact IgG or Fab antibody probes coupled with sensitive image-acquisition and analysis protocols [22, 28, 48] . We and others have previously reported selfassociations of HLA class I molecules in lymphoid cells and their significance [49] [50] [51] .
In this study, we have analyzed and quantified all the HLA class I molecules present on the surface of trophoblast cells; these are the extensively studied HLA-G and the less investigated HLA-F, -E, and -C subsets. We have shown that JEG-3 and ACH-3P cells express high levels of HLA-G and HLA-E. Quantification and Western blot analysis revealed that ACH-3P cells bore almost half the amounts of HLA-G present in JEG-3 cells. The existence of this disparity between the relative expression levels of HLA-G and -E in JEG-3 and ACH-3P cells can be explained by the presence of villous and EVT subpopulations in the ACH-3P cell line, as reported earlier [30] . A fluorescence microscopy study showed that the distribution patterns of HLA-G, -E, and -C are similar on the cell surface of both cell lines and are in agreement with a recent study of first-trimester invasive trophoblast cells [43] , suggesting that both cell lines are good models to study HLA expression and function on human trophoblast cells. Several studies have shown that HLA class Ib molecules, which can interact with multiple receptors on the cell surface of immunocompetent cells, play an essential role during pregnancy in modulating the immune response. The formation of HLA-G and HLA-G homodimers has been shown to protect the cytotrophoblasts against cell lysis through direct interaction with the killer cell Ig-like receptor (KIR)2DL4 and with HLA-E is a ligand for the CD94/NKG2 family of receptors expressed on NK cells and some CD8
þ T cell subsets [60, 61] .
It has been postulated that HLA-E inhibits cell lysis mediated by CD94/NKG2A þ NK cells [62] . On the other hand, the classical molecule HLA-C, detected on JEG-3 and ACH-3P, can interact with the NK inhibitory receptors KIR2DL1 and 
KIR2DL2 [63, 64] , preventing NK killing during trophoblastic invasion of the decidua. This is in line with the postulate of the ''missing self'' hypothesis, in which NK cells display affinity and remove cells that do not express self HLA class I molecules [65] . Our data showed that neither JEG-3 nor ACH-3P cells express cell-surface HLA-F; expression was confined to the cytoplasm, as detected by Western blotting. This behavior of HLA-F expression by cell lines is in agreement with the findings of Nagamatsu et al. [66] that HLA-F is not expressed on the cell surface of cultured EVT of each trimester but is found in the cytoplasm. These data suggest that HLA-F might not be involved in cell-to-cell immunological interactions. These data also prove that both cell lines exhibit the human trophoblast phenotype.
In the present study, analysis of the heterotypic HLA associations of all class I molecules on the surface of JEG-3 and ACH-3P was undertaken using a microscopy approach with high measurement precision. We observed, for the first time, that potential physical heterotypic interactions exist between classical and nonclassical HLA class I molecules on the cell surface of human trophoblast cells. HLA-G and -E colocalization was detected on the trophoblast cell membrane of JEG-3 and ACH-3P cells. This substantiates the previous postulate that trophoblast HLA-E expression might be regulated by colocalization with HLA-G, where the average percentage of each HLA-G and -E receptor was calculated out of total colocalized receptors [67] . Similar ratios of HLA-G and -E colocalizations were observed previously by employing the latest bioimage informatics tools [29] . In this study, the ratios of receptor pair colocalizations were calculated by considering total colocalized molecules out of total red and green spots per cell. This calculation method is an improvement for the comparison between treated and untreated groups. We observe that the relative ratios of colocalized HLA-G/HLA-E molecules increase by 7%-10% in response to PG treatment in both study models. This finding is also in agreement with the observation that cell-surface expression of HLA-E is dependent upon the availability of a leader sequence from class Ia and HLA-G nonamers. Since HLA-E and -G can interact with the CD94/ NKG2 and KIR2DL receptor family and the ILT2 and ILT4 receptors to promote or inhibit the NK and cytotoxic T lymphocyte activation [68, 69] , HLA-E and -G colocalization might indicate that these two molecules work together, inhibiting NK cytotoxicity and activating NK cells to secrete cytokines. A consequence of the HLA-E and -G interaction is that the surge of cytokines released following association might also regulate placentation. Our data also suggest that PG can regulate the expression of this heterodimer, increasing its expression on the cell surface. These findings are in agreement with previous studies that have shown that PG upregulates the expression of HLA-G [70] and HLA-E [71] as individual molecules but not as heterotypic pairs. Our new data indicate that this upregulation contributes to the heterotypic association of HLA class I molecules. PG is essential for placentation and normal maintenance of pregnancy. It is first produced by the corpus luteum, then by the placenta itself [72] , and can, thus, regulate the HLA class Ia expression and these heterotypic associations.
Though it is known that HLA-G, -E, and -C are expressed by invasive trophoblast cells as single membrane-bound molecules [43, 73] , little is known regarding their heterotypic associations. In this study, the association of classical and nonclassical HLA molecules on the cell surface of trophoblast cells is described for the first time. We have observed that HLA-C molecules can form heterotypic associations with HLA-G and -E on the cell membrane of JEG-3 and ACH-3P cells. In contrast to HLA-G/HLA-E colocalized pairs, the colocalization of HLA-G/HLA-C and HLA-E/HLA-C remained unaffected in response to PG treatment. Given the structural similarity of HLA-E and -C molecules and their NK cell-inhibiting activities [5, 60, 74] , it is not surprising that HLA subtypes form heterodimers on the cell surface of JEG-3 and ACH-3P cells. The fact that HLA-G and -E are coexpressed and have comparable functions during pregnancy has implications for understanding the way HLA-C and -G molecules work in synergy. Potentially, HLA-E could play an important role in modulating immune tolerance toward a successful pregnancy. We cannot disregard the possibility that this phenotype could be related to the origin of both cell lines, since both are derived from noninvasive trophoblast cells. Nonetheless, we also considered that in the course of trophoblast invasion the cells may change their phenotype, as previously shown [6] . This phenotypic modulation may regulate the local immune response during invasion and the implantation phase of embryonic development. This research provides a new, sensitive, object-based colocalization technique that is able to detect and quantify fluorescent antibodytagged isotropic particles in 3D cell images.
In summary, our colocalization technique enabled us to quantify and detect subtle differences in HLA surface receptor distribution. The trophoblast cell lines ACH-3P and JEG-3 serve as a good study model to develop this approach and to investigate base line information on potential HLA class I molecule associations. We conclude that by applying a sensitive, sparse colocalization quantification method, we have found that HLA-G, -C, and -E molecules colocalize with each other, forming preferential associations on the cell membranes of trophoblast-derived cells. There appear to be favored combinations of certain HLA class I sub-sets, and these may enhance cell-to-cell apposition. It is reasonable to assume that this is likely to be an immune-effector mechanism that protects the fetus by promoting trophoblast-uterine effector cell interactions mediated by class I heterotypic clusters, thus enhancing the intracellular signaling to allow successful placentation.
